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APPLICATIONS OF AUXILIARY AIR INJECTORS TO SUPERSONIC 
WIND TUNNELS 


By Joseph M. Spiegel, Robert U. Hofstetter, and 
Donald M. Kuehn 


SUMMARY 


Adverse effects of high compression-ratio requirements for super- 
sonic wind tunnels are discussed, together with the use of second throats 
for alleviating these effects. The application of an air injector as an 
auxiliary to a conventional wind tunnel is explained, and a one- 
dimensional theory and experimental data are presented to demonstrate 
the feasibility of the device for reducing starting and running compres- 
sion ratios, but at the expense of an increase in power requirements. 
For a continuous-operation wind tunnel of variable Mach number and con- 
ventional compressor drive-unit, the installation of an air-injector 
system can extend the Mach number range without surging the compressor 
and can reduce starting difficulties. These results are obtainable 
without any additional pumping equipment. For a blowdown-type wind 
tunnel with a divergent diffuser, the installation of an air-injector 
system can reduce starting loads, increase running time, and raise the 
maximum operating Mach number. It should not be used when power is of 
primary concern, except possibly as a device for controlling boundary 
layer at mass ratios less than 0.2. Å recommended design procedure is 
provided for the application of the uL eye principle to 
supersonic wind tunnels. 


INTRODUCTION 


In the design of supersonic wind tunnels, a primary problem is the 
large loss of total pressure which results from the deceleration of 
supersonic flow in the diffuser. This deceleration occurs in the form 
of strong shock waves which, in turn, produce additional losses as a 
result of their interaction with the boundary layer of the wind-tunnel 
diffuser. Thus, the wind-tunnel drive system must provide sufficient 
compression ratio (ratio of settling-chamber to diffuser-exit total 
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pressure) to overcome these shock losses. For continuous-operation ; 
wind tunnels, high compression ratios result in excessive power require= 
ments and large pumping equipment. In the case of intermittent-operation 
wind tunnels (blowdown) with atmospheric discharge, high compression . 
r&tios result in short running periods, restriction of maximum Mach num- 
ber, and high oscillatory starting and stopping loads on the wind-tunnel 
model. These abnormal loads on the model are å result of unsteady, 
asymmetric flow separation from the walls of the wind-tunnel nozzle 
during the starting and stopping processes. | 


The variable second throat, which is one device known to reduce 
the compression ratio required, can do so, at'a given Mach number, only 
after the wind tunnel has been "started"; that is, after the terminal 
shock waves have been "trapped" just downstream of the minimum area of 
the second throat. In order to start & wind tunnel with & variable 
second throat, the tunnel must have either a continuously adjustable l 
nozzle to permit lower Mach number starting or sufficient compression . 
ratio available to overcome the large shock losses that occur as the 
terminal shock system passes through the test section. Other methods 
of starting second-throat tunnels have been studied (refs. 1 and 2) 
but have not been completely proven in practice as yet. 


For an intermittent-type wind tunnel incapable of rapid changes in 
nozzle Mach number, a source of high compression ratio for starting a 
variable second throat does not solve the problem of bigh starting loads 
on the model. In fact, these loads would be expected to vary &pproxi- 
mately in proportion to the dynamic pressure for a given starting time. 


For continuous-operation wind tunnels there is a problem other than 
high power requirements that must be considered. This is the problem 
of matching the compressor flow quantities to those required by the wind- 
tunnel nozzle over a large range of Mach numbers. The maximum Mach num- 
ber at which a wind tunnel can operate is determined by either of two 
factors. The first is the point where the minimum compression ratlo 
required by the tunnel equals that available from the compressor, and 
the second is the compressor-surge limit which terminates the operating 
range at low flow rates. Compressor surge can be forestalled by bypass- 
ing air around the throat of the test-section nozzle in sufficient 
quantities to permit the compression-ratio limitation to be reached. It 
can be shown that a variable second throat makes the matching problem 
more difficult. 


An air injector, as an auxiliary to conventional wind tunnels, pre- 
sents the possibility of alleviating some of the difficulties just dis- 
cussed. For an intermittent-operation wind tunnel, a reduction in the 
required starting compression ratios by use of an injector would be 
expected to lower the starting and stopping loads without tbe need for a 
rapidly &djustable nozzle. For the continuous-operation wind tunnel, 
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the auxiliary air injector presents some attractive features on the 
basis of the incompatibility between conventional air-compressor charac- 
teristics and supersonic-wind-tunnel requirements. If the air that 
must be bypassed to prevent compressor surge is channeled to an auxil- 
iary injector, an improvement in both starting and running characteris- 
tics of the wind tunnel would be expected. 


In this report a one-dimensional analysis of the auxiliary-injector 
principle is presented, together with some experimental results. Exam- 
ples are given that demonstrate the improvement in operating character- 
istics of both intermittent- and continuous-operation wind tunnels from 
the standpoint of compression-ratio reduction. 


SYMBOLS 
8 sonic velocity, ft/sec 
Å . cross-sectional area, sq ft 
C any constant 


Cp specific heat at constant pressure, ft /sec* °F 


Pty 


K stagnation pressure ratio, - 
to 


injector mass flow 
m mass-flow ratio, nj 


test-section mass flow 


M Mach number 

P power, ft-lb/sec 

p static pressure, 1b/sq ft abs 

Q flow quantity, based on compressor intake conditions, cu ft fain 


Bas compression ratio 


Texp 
rp correction factor, nå redan 


Ttheory 
R perfect-gas constant, ft?/sec?/?r 


opt 


temperature, OF abs 


‘velocity, ft/sec 


(rO-286 -1) 


e 
ratio of specific heats; = = 1.400 
mass density, slugs /cu ft 


Subscripts 


conventional wind tunnel (no auxiliary injection) 
discharge of compressor. . p oC Ee SUE 
exit of divergent diffuser 

injector - 0 "Tos 
mixing losses ^ 
normal shock 
main stream (through test section) 


optimum 


. total, auxiliary-injector wind tunnel 


stagnation conditions 
mixing-tube wall 
station a (fig. 1), upstream of normal shock 


station & (fig. 1), downstream of normal shock 


station c (fig. 1), main stream (through test section). 


station d (fig. 1), end of mixing region 
station e (fig. 1), upstream of terminal shock 
station e (fig. 1), downstream of terminal shock 
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Superscripts 


* condition when M = 1 


, downstream of normal shock 


8 downstream of injection station when pressures have equalized 


ANALYSIS 


For purposes of analysis, an idealized two-dimensionai installation 
of an auxiliary air injector is shown in figure 1. The arrangement con- 
sists of an injector nozzle and isentropic contraction placed just down- 
stream of the test section, followed by & constant-area mixing region, 
downstream isentropic contraction, and a subsonic diffuser. The solid 
outline in the figure denotes the wall position for nonviscous flow and 
the dotted lines, the wall position after compensation for boundary 
layer. 


The actual mixing process of the two streams is not fully under- 
stood (ref. 3). Therefore, a one-dimensional analysis has been used in 
this report and the results compared with experiment for the purpose of 
obtaining empirical relations to use for future designs. 


Numerous treatments have been made of conventional ejectors and 
induction wind tunnels by the one-dimensional method (e.g., refs. 4 
and 5), but the presentations of Pinal results all differ somewhat, due 
to the specific objectives involved in each case. In Appendixes A and B 
such & one-dimensional analysis has been made, based on the idealized 
auxiliary air injector shown in figure 1. The assumptions made in this 


analysis sre: 
1. Complete mixing is obtained at station d. 


2. All Plows are isentropic except for adiabatic Plows in the 
mixing region and through normal shock waves. 


3. The velocities are negligibly small in the wind tunnel and 
injector settling chambers, and at the end of the subsonic 
åiffuser. 

lh. ALL flows are frictionless. 


5. The total temperature ratio (Ty Tto) is unity. (This eliminates 
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one independent variable and is a good assumption for all a. 
experimental data presented herein.) 


The independent variables for a given value of Mo are: 
1. mass-flow ratio (m) 
2. injection Mach number (Mj) 
3. total pressure ratio between injector and tunnel streams (K) 
k. contraction ratio of tunnel stream before mixing (A1/Az) 
5. contraction ratio of tunnel stream after mixing (A, /A,) 


Since a normal shock wave is stable in a diverging passage, it is appar- EN 
ent from figure 1 that the normal shock will stand upstream of station a 

or downstream of station e. The upstream position is called the starting å 
condition and the downstream, the running condition. The possibility of i 
& normal shock waye in the mixing region is not within the scope of this n 


analysis. e 


It is seen from the integral term of tbe momentum equation (A8) in 
Appendix A that an infinite number of solutions are possible, depending 
on the shape of the mixing-tube walls. However, only constant-area and 
constant-pressure mixing are amenable to simple solution and will be 
presented here. The object of this analysis is to obtain expressions 
for the compression ratio (r = pi [Pt ) in terms of Mo and the inde- 
pendent variables. | o «e 


Summary of Final Equations." 


Equations for constant-area mixing.- For constant-area mixing 


(As = A2 +A), the compression ratio required, due to mixing and normal 
shock losses, from equations (AT) and (All) of Appendix A is 


(at) | Ae, a Wa 
MEE VC aa E (ANJA) 


G) 60 am () 
t^. 0 t “4 
lIn this report the ratios (A*/A), (o/o,), (T/T), (a/a); (p/p), and 


(pa /p4) represent the usual one-dimensional flow equations which are 
functions only of the local Mach number at the point designated by the 


subscript. They are redefined in Appendix A for convenience. 


(1) 
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and M, is related to Ma by equation (A15). From equation (A10), M, 
is determined by 


L 
f (Ma) xx 
+ +m 


[£(Mo) + mf (Mj)] (2) 


and f(Mz) and f(Mr) have the same formas f(M.). For each value of 
£(M), there is a supersonic and a subsonic value of M which are related 
by one-dimensional normal-shock equations. The reciprocal of £(M) times 
& conBtant is tabulated in reference 6 for Mach numbers of O to 5. 
Because this constant cancels from equation (2), these reciprocal values 
can be used directly. 


For the starting condition it is to be noted that (ps'/py), =1 in 
equation E and the subsonic value of Ma from f(Ms) must be used in 


equation (2). The value of Ma is obtained by use of equations (A11) 
and (A12). 


Equations for constant-pressure mixing.- In the case of constant 
pressure along the mixing-tube wall (p, = p p , Station d coincides 
With e in figure 1 because the mixing tube Rust change area to maintain 
constant pressure at the wall. The continuity equation from equa- 


tions (Bl) and (A13) gives the compression ratio as 
Tm 
(E ) € ) e ) 
p t Py 
t 3 J 3 


f(Mg) = OB | (2) (MF + 1)+ (=) CZ Mj? لد‎ 
8 (1) 


The contraction ratio, (Ae + A7)/Ag» is given by equation (BT) 


€ ) 25) Ae m (A*/A), 
K{ — -— — += 
1 p 


)5( ا 


EL Pee 
5/, A 
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Results and Discussion of Analysis 


Comparison of constant-area and constant-pressure mixing.- In order * 


to make a valid comparison, it is necessary for the two cases to have 

equal downstream contraction ratios. This is done by inserting the 

results of equation (B3) (after solving for A,/Ag) into equation (A15) 

(with A, set equal to A,) to determine the proper value of M,. Such a 
comparison is made in figure 2(a) for the simplified running case of © MET 
' Ag = Ài, Mo = 3, My = 2, and where (A1/A4) for constant area equals | 
(Aa (Aa) for constant pressure. It is seen that the constant-area condi- 
tion yields lower compression ratios, wbich is in agreement with refer- 
ence 3. At-a mass ratio of zero, where no mixing losses can occur, the EM 
constant-area case represents an isentropic contraction (rg = 1), but in 
the constant-pressure case does not. The latter condition is indicative 
of a shock wave which must emanate from the wall discontinuity at sta- 
tion c in order to satisfy the stipulation that p; =p, at m=O. 
It should be noted that p, = Pg can be assumed in the constant- .. zé 
pressure solution. This approach leads to ry = 1 when m=0 but, A a 
for the conditions assumed in figure 2, contraction ratios less than 
unity result. This leads to r values much higher than shown in fig- 
ure 2(8). Furthermore, it is obvious oe for Mj; = Mp and K = 1, a 
trite solution results. 


Figure 2(b) gives the variation of contraction ratio for constant- 
pressure mixing as a function of mass ratio. For the analogous constant=— — 
area solution it can be shown that none of these contraction ratios would 
permit starting. Consideration of the starting case for the constånt- T" 
pressure solution indicates that it is not possible to start an auxiliary- , 
injector wind tunnel with & constant-pressure mixing tube. This can be MeL 
seen from equation (85) from which it can be shown that x 


t © x) owe D= (2) (7807 +1) 


Therefore, since f(Mg) in equation (4) is single valued, it is apparent m" 
that only one solution is possible, and the assumption of & normal shock m 
at station a with Ms supersonic denotes effectively an M = 1 region IEEE 
in the mixing tube. l 1 
From the foregoing discussion it is apparent that only the constant- 
area condition is adaptable to the analysis of specific configurations, ek 
both starting and running, because of the independent selection of down- ^ ^-^ <=. 
stream contraction. Therefore, the constant-area method is used exclu~ PE 
sively in the remainder of this report. | n 
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Effect of injection Mach number.- Figure 3 indicates that at & 
test-section Mach number of 3 My =1 is optimum for starting, but & 
somewhat greater value is desirable for running. The downstream con- 
traction used for the running condition is the maximum permissible for 
starting based on Ma (subsonic), that is, M = 1 for the starting 
case. The selection of M4 = l places all running solutions on & com- 
parable basis. If no downstream contraction is used, the running 
results dre identical with the starting data shown. Figure k shows the 
variation of My, $ with Mọ for the running condition with maximum 


downstream contraction for starting. 


Effect of upstream contraction.- The results in figure 5 show the 
advantages of upstream contraction with and without downstream contrac- 
tion for Mg = 3.0, My = 1.5, and K = 1.0. These results also can be 
interpreted as meaning that, for starting (A, /Ap = 1.39 for Mo = 3), 

Mp =1 yields the lowest compression ratios. The obyious Pavorable 
effect of downstream contraction for the running condition is also 
apparent in this case as it was for M. as a primary parameter, but 
the magnitudes of this effect decrease as the upstream contraction 
increases. | 1 


One factor not considered in the above analysis is the possibility 
of the injector stream choking the main stream for the starting condi- 
tion. This can occur for p. > .ىم‎ dust downstream of the injection 
point, but before & significant amount of mixing has occurred. If the 
main stream is assumed to be choked when starting, equation (ALT) of 
Appendix A can be derived which gives the maximum contraction ratio as 
a function of Mg, m, K, and My. Mj" is determined by equation (A18). 
It is apparent that equation (ALT) is invalid for My" < Mj; that is, 
Py < Po- Also, it is known that, if Mo = و1‎ P must be egual to or 
less than .رم‎ If رم‎ = Pa; My” must equal My and equation (A18) 
determines the lowest permissible My for star ing when M5 = 1. As a 
result of equations (ALT) and (A18), there is a starting limit corre- 
sponding to figures 5(a) and 5(b). 


Effect of stagnation pressure ratio.- In figure 6 is shown the 
effect of K on the compression ratio of figure 5(b) (Aa /A» = 1.39) 
for two values of mass ratio. Since m = K(As*/Ap*) (ea. (A3)), it is 
seen that the diffuser geometry must change in order to maintain con- 
stant m with varying K. If the geometry is fixed, the effect of K 
will be as shown by the curve termed "constant geometry” in figure 6. 
For this particular curve the abscissa of the plot also indicates mass 
ratio. 


Effect of auxili injection on power requirements.- By use of 
equation (C3) or (C5) at K=1 the theoretical power required by an 
auxiliary-injector wind tunnel can be compared to test-section normal- 
shock power, as shown in figure T(&). This curve corresponds to the 


10 | | NACA RM A53I01 | "B 


lowest running curve of figure 5(b). Figure 7(a) shows that the lowest 
power occurs at m — 0, corresponding to an ideal fixed-geometry second 
throat, and, therefore, compression-ratio reduction is obtained at the & T 
expense of power. | di a. 0 1 l 


The effect of K on power is dependent upon the method of obtain- 
ing the injector air. Two methods are shown by A and B of figure 7(b) 
for continuous-operation wind tunnels. The A system would be the only 
satisfactory way of. solving the surge problem briefly discussed in the 
introduction. The power ratios for the two arrangements are also 
shown in figure 7(b), corresponding to equations (C3) and (C5). ‘The 
auxiliary compressors represent throttle valves when the slopes of the y wee 
curves are negative. It-1s apparent that K = l is optimum for minimum 
power of method A, but method B has a minimum corresponding to ry = و1‎ 
that is, PL. = Pta (fig. 1). Method B, obviously, is the least practi- 
cal for mas ratios in the region of 1 because it requires an auxiliary 
compressor of the same magnitude as the main drive. In addition, values 4 
of K< 1 can have a detrimental effect on the wind-tunnel boundary 
layer which is not accounted for in the simple. theory. 


APPARATUS 


The Ames 1- by 3-Foot Supersonic Tunnel No. 2 


This test facility is an intermittent-type wind tunnel which uti- a 
lizes compressed air from the &djacent Ames 12-foot pressure tunnel, as 
indicated in figure 8(a). The geometry of its flexible nozzle cannot 
be altered rapidly enough to permit low Mach number starting (or stop- | 
ping) and high Mach number testing. The auxiliary-injector configura- m 
tion selected for the 1- by 3-foot tunnel was largely determined by the 
existent design, and alterations were held to a minimum. The installa- 
tion is indicated in figure 8(b). ١ 


The Ames 8- by 8-Inch Test Facility 


This wind tunnel is å nonreturn continuous-operation type which 
uses the compressors of the Ames 12-foot pressure tunnel. The nozzle 
ls. of the symmetrical fixed-block type. 


In figure 9(a) are shown the various diffuser profiles tested in 
conjunction with the Mo * 3.33 nozzle blocks (8- by 6.3-inch test 
section). Figure 9(b) shows the diffuser. shape used with the Mo = 3.5 a 
and Mo = 3.0 nozzle blocks (8- by 7.3-inch test section). The altered 
cross section of the flap in figure 9(b) represents & shape necessary 
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for adequate strength when the flap is fabricated for use in a large 
wind tunnel. Figure 10 is a photograph of the nozzle and flap arrange- 
ment corresponding to figure 9(a). 


TEST MEASUREMENTS 


All tests consisted of the determination of starting and stopping 
compression ratios. The pressure measurements were made by means of 
static orifices in the nozzle and injector settling chambers, and by 
reference to atmospheric pressure in the case of the l- by 3-foot tunnel 
and to & static orifice in the end of the subsonic diffuser of the 
8- by 8-inch test facility. Mass ratios were obtained from the rela- 
tion m = K (Aj*/Aog*). Such a calculation is not exact, of course, 
because of the different relative boundary-layer displacement thicknesses 
at the throats of the injector and tunnel nozzles and dissimilar sub- 
sonic entries. 


COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 


In figure 11, the test data obtained from the l- by 3-foot blowdown 
tunnel are shown and compared to calculations made in accordance with 
the one-dimension&l analysis. The mixing region was assumed to have 
constant cross-sectional area. Figure 12 shows tbe test data from the 
8- by 8-inch test facility compared to similar calculations. Sample 
computations for both tunnels are given in Appendix D. In all cases Mj 
was obtained directly from the actual injector geometry, but the actual 
geometric values of Aj/A, and As/A4 (8- by 8-inch test facility only) 
were reduced by the test-section boundary-layer displacement thickness 
to conform with the nonyiscous (solid) boundary of figure 1. In fig- 
ure 12(b) no data are shown for the original downstream contraction or 
modification l of figure 9(a) (As/A4 = 1.23 and 1.15, respectively), 
because the flow choked at the minimum area for m = 1.0, which pre- 
vented the establishment of supersonic flow in the test section. 


In figure 13 the resultant improvement in operating characteristics 
Of the l- by 3-foot blowdown tunnel is shown. Corresponding measure- 
ments of starting and stopping loads on a small triangular wing indicated 
load reductions at least in proportion to the reduction in compression 
ratio between the injector-off and -on conditions. The starting time 
also is lowered in proportion to the compression ratio which may have 
affected these results. However, limited tests in which the starting 
time was reduced from approximately 9 to k seconds at a fixed compres- 
sion ratio did not change the peak loadings on the models. The exten- 
sion of the injector curves below M = 2.07 is å result of more recent 
tests at M=2 not presented in this report. 
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It is to be noted that both figures 11 and 12 indicate generally 
steeper slopes than shown in figure 5. This is believed to be an 
effect of the variable flap which produces greater upstream contraction 5 
with increasing m. 


Figures 14+(a) and 14(b) show the effect of auxiliary injection on - = oji 
total power requirements for the l- by 3-foot tunnel and 8- by 8-inch : : 
test facility. The theoretical curves are based on normal-shock com- 
pression ratios and the experimental curves on compression ratios for 
actual wind tunnels without second throats. 

The experimental tests of auxiliary air injectors indicated the a 
following general results aside from the data previousiy presented: 0 


l. The starting and stopping process of a wind tunnel with auxil- 
iary injection is characterized by a sudden transfer of the terminal 
shock system from the test section to a position downstrean of the à 
injection point, similar to the action of & mechanical second throat. 


2. Air injection appears to maintain attached boundary-layer flow 2 
downstream of the injection point, as compared to separated flow without 
injection. Figure 15 shows some schlieren pictures taken in the 
1/12-seale model of the Ames l- by 3-foot supersonic wind tunnel no. 2. 
Figures 15(a) and 15(b) show the large-scale separation associated with 
the original tunnel configuration. Both pictures represent the same 
compression ratio, but the unsteady nature of the flow caused fluctua- 
tions in the separation point. Typical flow patterns with air injection 
are shown in figures 15(c) &nà 15(d) which demonstrate complete flow pe 
attachment in the supersonic regions. 


3. Although no tests were made specifically to determine My E s 0 a 
experimentally, avallable test data indicate that Mr should be 1 
and increase with My, with or without downstream contraction. Specifi- 
cally, values of My about 10 percent (or more) above the Mr curve, 
determined by equation (A18) for K = 1, resulted in satisfactory opera- 
tion, but values below resulted either in unsteady flow or the inability 
to establish supersonic flow in the range of Mg = 2.8 to 3.5. 


DISCUSSION 


The principle of operation of an auxiliary air injector, neglecting 
the more obvious effects of upstream and downstream contraction, appears 
to be as follows: For the upstream shock position (starting condition) 
the total pressure lost in the tunnel channel due to the shock wave and a 
wall friction is partially returned by the injected air by means of the 
mixing process, provided the proper valves of My and K are selected. 
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This partial return of total pressure to the main stream is equivalent 
to a pressure recovery and, hence, a reduction in starting compression 
ratio. In the case of the downstream shock location (running condition), 
the presence of the injector stream at a static pressure Py > Pa pro- 
duces a mixing process in which the inherent losses are more than com- 
pens&ted by the lower total-pressure drop across the terminal normal- 
shock system (Ma > Mo). This effect can be interpreted as meaning that 
the injector stream effectively contracts the tunnel flow in the manner 
of an "aerodynamic throat," as an analogy to mechanical second throats. 


When upstream divergence (Ai /A> < l, fig. 1) rather than upstream 
contraction is considered, theory predicts the lowest compression ratio 
for the upstream normal-shock position, as shown in figure 11 (As = 
Where curves cross). For this wind tunnel the normal shock can stand 
either at the end of the test section (lowest starting curve) or just 
in front of the flaps (highest starting curve), because of the diverging 
walls which result from the balance compensation, as shown in figure 8. 
With flap divergence, therefore, the upstream shock position should be 
termed the "running" condition, and the downstream shock position may 
actually never be attained in the starting process. 


In figure 12(a) it is seen that My equaled approximately 2.4 for 
an Mo of both 3.0 and 3.5 (design condition). Had My been lower 
for Mo = 3.0, the compression ratios would be expected to be less than 
those shown. 


It has been shown by figure 7(a) that, theoretically, compression- 
ratio reduction is obtained at the expense of the power put into the 
injector jet. Upstream and downstream contractions help to reduce the 
amount of injector flow required to attain a given compression ratio, 
as shown by figure 5. In figure 1k are shown theoretical and experi- 
mental power ratios for the 1- by 3-foot and 8- by 8-inch wind tunnels. 
Figure 14 shows generally higher theoretical power ratios than fig- 
ure 7(a) which serves to indicate that lower upstream and downstream 
contraction ratios were used in the two auxiliary-injector designs than 
is theoretically possible. The experimental power ratios of figure 1 
indicate power requirements for these auxiliary-injector designs up 
to 60 percent greater than conventional wind tunnels with divergent 
diffusers, and up to about 160 percent greater than a fixed second 
throat (ref. T). Only the l- by 3-foot wind-tunnel data at M = 2.87 
and mass ratios less than 0.2 indicate power ratios of the magnitude of 
a fixed second-throat diffuser. In light of past knowledge, this result 
which warrants further investigation can be attributed to the energizing 
of the boundary layer. Unfortunately, test data at mass ratios less 
than 0.4 are not available for the other to corroborate 
this effect. 


14 NACA RM A53IO1 


From the foregoing power discussion it is apparent that an auxil- 
lary injector presents no advantage from the standpoint of power con- 
sumption (except possibly for boundary-layer control) and, therefore, 
should not be used unless other aspects of & wind-tunnel design over-. 
shadow the power considerations. For & continuous-operation wind tunnel, 
auxiliary injection can be used to advantage when elther the test-section 
nozzle cannot be varied during tunnel operation to permit low Mach num- 
ber starting and high Mach number running of å mechanical second throat 
and /or an increase in Mach number beyond & certain point will surge the 
compressor system. The value of an auxiliary injector, in this case, 
results from the reduction in both starting and running compression - 
ratios from those of & conventional divergent-diffuser wind tunnel, and 
from the fact that these compression-ratio reductions are accomplished 
by utilization of the excess air that otherwise would induce compressor 
surge. An example of such an auxiliary-injector application is given 
at the end of this section. 


For the atmospheric-discharge intermittent-operation wind tunnel, 
auxiliary injection has its best application, again, only when the test 
section nozzle cannot be varied rapidly during tunnel operation to 
permit low Mach number starting of a mechanical second throat. ‘The 
advantages of reduced starting compression ratios for intermittent- 
operation wind tunnels have previously been covered in the section on 
experimental results. 


In the analysis section it was concluded that the best method of 
predicting the performance of new designs lies in the use of empirical 
relations between theory and available experimental data. The simplest 
of such correction factors is the ratio of experimental-to-theoretical 
compression ratio (rp). In figure 16, rg has been plotted as a func- 
tion of mass ratio for the 8- by 8-inch test facility and the 1- by 
3-foot wind tunnel, as computed directly from figures 11 and 12. 


The correction factors of figure 16 can be compared with similar 
values from conventional wind tunnels with diyergent diffusers in order 
to better understand the magnitudes of rp. In figure 17 is shown an 
average of the minimum compression ratios from several wind tunnels with 
subsonic diffusers, and a curve of normal-shock compression ratios, 
which is a result of the use of one-dimensional flow equations, as is 
the injector theory. The experimental data were obtained from refer- 
ences 8, 9, and 10, and figure 13. By division of this average experi- 
mental curve by the normal-shock values, the rp curve is obtained 
which represents correction factors for these conventional wind tunnels. 
An average of the r, curve is indicated in figure 16 for the Mach 
number range of 2.2 3.5, which are the extreme limits of M, as 
calculated according to Appendix D for the l- by 3-foot tunnel and the 
8- by 8-inch test-facility configurations. 


. ax 


e 
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It is apparent from figure 16 that all injector-test results, 
except the 1- by 3-foot tunnel data at M = 3.35, more closely approach 
one-dimensional predictions than do the conventional wind tunnels. A 
possible reason for this may be indicated by figure l5 for which it has 
previously been pointed out that & subsonic diffuser without air injec- 
tion (boundary-layer control) experiences large-scale separation; 
Whereas air injection reduces the degree of separation. Since the 
theory &ssumes attached flow, it would be expected that & one-dimensional 
analysis would be a better approximation for auxiliary-injector tunnels 
than for conventional subsonic-diffuser tunnels. 


A comparison of the correction factors in figure 16 for the two 
wind tunnels indicates the 8- by 8-inch test-facility diffuser design 
to be preferable, primarily, because of the high Tp values for the 
l- by 3-foot tunnel data at M = 3.35. 


On the basis of an empirical curve faired through the rp values 
in figure 16 and one-dimensional-injector analysis, it is possible.to 
predict the performance of other designs. In Appendix E, & recommended 
procedure is given for this purpose, together with additional considera- 
tions based on experimental results. 


A typical application of the auxiliary-injector principle to a 
wind-tunnel design of the closed-circuit, continuous-operation type can 
be demonstrated by use of & compressor performance curve similar to 
that of figure 5.17 of reference 8. In figure 18(a) this is shown as 
compressor no. 1, together with the average compression-ratio required 
curve of figure 17. The diagonal lines are curves of constant Mach 
number (throttle curves) for a 1-square-foot tunnel and Ty, = 5109 
Rankine. 


For this wind-tunnel design, the maximum possible test-section Mach 
number is under 2.5. If the test results of reference 1l are used to 
estimate the performance of å variable-geometry second throat, the r 
required for starting and running will be approximately as shown in 
figure 18(a). These tests included & cone model and circular-arc support 
system which more closely approximates the experimental results of this 
report. The starting compression ratio for a partially contracted 
second throat, as compared to the data of figure 17, is apparently much 
lower. This improvement is possibly attributable, in part, to the lack 
of flow separation which usually results from the use of å divergent 
diffuser immediately following the test section. By use of the variable- 
geometry second-throat requirements shown in the figure, & smailer com- 
pressor can be selected (compressor no. 2, fig. 18(a)). For this case 
it is seen that the maximum Mach number is limited to about 2.9 by the 
surge limit of the compressor and the starting compression ratio, if a 
test-section nozzle capable of varying Mach number during operation is 
not available. By reducing compressor speed io &pproach more closely 
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the required curves for the running condition, a power saving can be 
achieved contingent upon the method of speed control and the variation 
Of compressor efficiency with speed. By use of the original compressor 
Size (no. 1), the auxiliary injector presents the possibility of &ttain- 
ing Mach numbers above 2.9 by overspeeding the compressor for starting. 
(For the second-thro&t example, overspeeding to start &bove & Mach num- 
ber of 3 appears impractical because of the steepness of the compression- 
ratio required curve.) As an example of the amount of air available for 
bypassing to the injectors, at a given operating point C, the quantity 


of air entering the injectors at M = 2.9 is BC and that passing through — 


the test section is AB, or å mass ratio of 0.63. 


If the design procedure of Appendix E is followed, an auxiliary- 
injector performance curve can be calculated:as shown in figure 18(b). 
The design point is M = 2.90 and bypassing begins at M= 2.40. If.. 
above M = 2.90 the diffuser wall is made adjustable in the region of 
the injector flap, in order to obtain the required Mr and Aa /Ap values, 
the r required curves up to M = 3.50 can be obtained. 


This example of the use of suxiliary injection for continuous- 
operation wind tunnels indicates that its best application is for extend- 
ing the speed range of existing wind tunnels where the compressor has 
been selected on the basis of the compression ratio required by å 
divergent diffuser. 


CONCLUSIONS 


From the analytic and experimental results presented in this report 
of the application of air injectors to supersonic wind tunnels, the 
following conclusions can be drawn: 


1. In general, an auxiliary &ir-injector system can reduce both — 
starting and running compression ratios, as compared to & conventional 
wind tunnel with & diyergent diffuser. 


2. This compression-ratio reduction entails an increase in power 
requirements, except at mass ratios less than about 0.2. A limited 
amount of data in this range shows promise of reducing power require- 
ments tbrough boundary-layer control. l 


3. An auxiliary air-injector system applied to a continuous- 
operation wind tunnel of variabie Mach number and conyentional compressor 
drive unit can extend the Mach number range without surging the compres- 
sor and can reduce starting difficulties. These results are obtainable 
without additional pumping equipment. 


3D 
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l. The auxiliary injector system, from the standpoint of continuous- 
operation tunnels, is basically not a power-saving device, but, rather, 
an artifice through which the restricted characteristics of conventional 
air compressors can be more closely alined with supersonic-wind-tunnel 
requirements. 


5. An auxiliary air-injector system applied to a blowdown-type 
wind tunnel with a divergent diffuser can reduce starting loads, 
increase running time, and raise the maximum operating Mach number. 


6. Although all parameters involved in this injector application 
are not Pully evaluated experimentally, sufficient information is pre- 
sented to predict the performance of future designs which do not differ 
radically from the experimental configurations described herein. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif., Sept. 1, 1953 
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APPENDIX A 
DERIVATION OF AUXILIARY-INJECTOR EQUATIONS FOR CONSTANT-AREA CASE 


(As = AJ + Ap) 


For the adiabatic flow of a perfect gas the energy equation can be 
written between stations c and å of figure 1 as follows: 


It can be simply shown that, when Tt. = T. و‎ the energy equation 
reduces to Nas a J 


(A1) 


and therefore a* is constant throughout the flow. The continuity 
equation can be written as 


Dividing by 0,*, Ao*, and a* 
0 
l +m a. — — (42) 


where 


Bo t a A ,* * A (4) A 
SIE ac Miu la TEES ag NI — (aa 


ri d = AR (Ah) 
* 
Pt, O Pr 
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and 


Also, 


Apt Ay 
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(& 
=. Ms > (A5) 
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5 yl 2(7-1) 
at) ف )ير‎ 
zi 1+7 ME 
1 
OMG DE 


| 
“oN 
ame 
+ 
M 
of 
% 
N 
0 


(2)- 
(2) - (5) 


ie m (4) (A6) 


ic! 


1 


=)" THY | 


When equations (Al) and (A5) are substituted into equation (42), 
the mixing-loss compression ratio is Pdund to be 


Ag (1 +n) 


"to (Pth عقا‎ S ht > (= Ag* 
3 


EET 
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If equation (A6) is used 


Kor ES KG Ag , m (A/A), 
EAR A | A1 K (A*/A) 3 ( AT) 
à l+m a^) (1 + m) 
A % 


The total momentum equation for any mixing-tube shape is - 


Ap(PaVa? + PI) + AJIN + pz) f^? py (38 ) ax = Ag(sVs* + pa) | 
Ap+Ag | (A8) 


Since Ag = Ap + Ay, the integral term is zero. Hence, 
Aa (PaVa + Po) + م)ية‎ Vj + Pz) = Ag(PaVa" + Pa) 


Since p = p/RT and V^ = My RT the momentum equation can be written ` 
as ar 


PgAg (IMSE + 1) + pyAs(yMy? + 1) = paAg( MF + 1) 


dividing by Pio and Ag | " 


ac E T x (e +1) <n) K = OM? +1) (2) = = (>Ma2+ 1) 
where 

B Gr 

t 
When equations (A3) and (A6) are used, the momentum equation becomes 

p! Et: 
t» CE (OMF + 1) + €»! "Gy (Mj + 1) = 
A* J 
CUM . 5, 


A 
TE ee "S (MF + 1) (A9) 
Pt, 


memi E 


Å JJ 
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where 


; 7 _ 
ENIM 


Equations (AT) and (A9) are two equations in two unknowns 
(Ma and Pto Pta = rg). When equation (AT) is substituted into the 


right-hand side of (A9), a function of Mg can be obtained 


Bz), (Me™ + 1) 
= 
CE) keen (jore 
(4) (1 + (س‎ (1 + m) 


x A4* g: 
Since (2) = ia Mie —— - (€ PNE vs 
A O År A4* = A > * Py Rae 


& me , || © meen] 
A* 1 x 
(& ) l+m = ) 
E (Mg + 1) 
in AK 
9) 
or 
P(Ma) = : - Eu t me (Mg) | (A10) 


with the requirement that Ms > 1 for Mp, < 1 and Ms > 1 for My, <L. 
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All f(M) terms can be obtained from one plot of f(M) against M. For  . 5 
the starting and MESE conditions with VESEN. con 5926 LOR Ma is 
obtained from ... . MEM 


د م 


For (Aa /A») < 1, see Appendix E, step 7. For the starting condition 
(from normel-shock relations), 


T JE i B 
0 Aer 7 
ar Mo" on 


If a normal shock is assumed to terminate the flow after mixing, the 
compression ratio of the tunnel can be expressed as 


r 
re (A13) 
© 
Py A 
If the flow is isentropically contracted from station d to e, the tunnel 
compression ratio is | 1 | 


m الا‎ (A14) 


T = 
6 
Pg 44 
For the starting condition, ata 47 ) equals 1 in equations (A13) and 


(Alk). The value M, is obt& a“ from „Mg by use of the following 
area relations: -` 


o ge PEDE 
Using equation (A3) 


OM OFLOF ke EE 
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It is possible to determine a relation between the variables when 
the main stream is choked just downstream of the injection station. 
Letting superscript double prime denote the condition after equaliza- 
tion of pressures but before mixing begins, then 


Ay + Ap = Ag" + Ap" = Ag" + AG" 


when Mo.” 


(A*/A)1 Ar/Ap, then 


We divide by As* and note that (A*/A)., 


Ar, L = DRN 1 (A16) 
Ap* A*\ Ai Ap* 
AA he 
Since 
Ay As AF Ag* 85 £e ) 
AU ^ Aj* PETE an BN Å 


When the above two equations are substituted in equation (A16) and 
solved for Ai /A» 3 


NN RR ENER 
e (&) m E It ووا‎ 
2 | KNPEA | (amy aAA) 


Hence, A1/Ap is the maximum upstream contraction ratio that permits 
starting, (A*/A)-" zy is determined by (for Py" = p5")- 


(2) «me ع‎ orga (3) (a) 


(A17) 
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APPENDIX B. | `- 
DERIVATION OF AUXILIARY-INJECTOR EQUATIONS: FOR CONSTANT-PRESSURE CASE 


(Py = Py == Pa) 


Since A, Å Ay + A5, the continuity equation (AT) is 


G9) Ag Pt, Pto Pe) 
"T x af Py Fa (AJR 
pa PI "by 
or "A l 
Ag _ (3), (1 + m) (B2) 
* عد‎ 
“مه‎ FG), (& 
EN 
x (2) 2 E. Ge, Co), Me»! AL (1+m) (83) 


K G) 6 62 Fm 


Since يم‎ = Py = Pg, the momentum equation can be written from (A8) as 


Ap (PV + Pp) + AON + pr) + P (As - Åp - Ay) = Aa (PaVa? + D5) 
or 


Ap (PV? + p.) + PAN Å - Pa = Poeta? 


Since م‎ = = and V? = M?yRT, 


A 
P-A (7 M° + 1) + 6 My - 1) = YPyÀsMa" 
2 . Æ 


+D 
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We diyide by Py and Ap 
0 


EDGE a) (m ++ (3) x (ue ao (2) 3 Aa pe 1 


where (p,' fo Å = 1 for M, >l; substitute equation (B3) in (Bk) and 
solve for f(M&4 


Edle; y aio "M v7 pue ie © (7M2 + 1) + 


(E) QEN - 1) | 


GION 
KOO 


or, noting that 6 e) = 


f(Ms) = C Ma = 


(a) E) C2) ee n E) Går) 


Oo 


has Rae وح‎ fis NON 
7Mo (2 E (1 + m) 
If As/Ap is not known, it may be obtained from equation (A3) 
A* 
AJ m = G Q (86) 
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The resultant contraction ratio is from (B3) and (86) 


ven Gå ENGE) BE HT 


TOT 


(B7) 


NACA RM A53TOL | oT 


APPENDIX C 


EQUATIONS FOR POWER REQUIREMENTS 


The power required by an auxiliary-injector wind tunnel can be 
compared to any conventional type (no auxiliary &ir injection) by use 
of the isentropic compression relations. As shown in figure 7(b) there 
are two possible ways of obtaining the injector air. 


Method A 
The isentropic power required by compression can be expressed as 
P p 
P = c 2 Q ) 0.286 -1( = c 2 or (ci) 


so that the total power (Pp) required by the main-drive and injector 
compressors for an auxiliary-injector tuhnel of type A (fig. 7(b)) is 


Pp 


J 
Where Qp is the flow quantity entering the main-drive compressor. 


Since ry = K = — an — x — 


m Y 
Pm = C — Qmii (a T — C2 
Flow quantity can be expressed as (ref. 8) 


Q - مد (45)ه‎ NER 


o 
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hence, a power ratio, for equal pressures and temperatures in the 
settling chamber, can be written by dividing (C2) by (C1) 


P Y. © ¥ 
afisa) (c3) 
Pe Ye ÎN 


where Y; is determined by ry = K. 


Method B. 


For the type B arrangement, the total power required by an tuxiliary- 


injector tunnel is 
p PD P Y 
| Dy d Dy J | 
pp = Py + Bg ac (2 Qin + rs TAR E ag (aen 2 , Ch) 


The power ratio, analogous to (C3), can be written by dividing er by 
(Cl) and using the definition for Q | 


lem) (C5) 


where Yr is determined by ry = Krg. It is to be noted that equa- 
tions (C3) and (C5) are identical when K = I; that is, Yj/Yw = O for 
method A and Yj/Yy = 1 for method B. 


له 
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APPENDIX D 
SAMPLE CALCULATTONS 


The 8- by 8-Ineh Test Facility 


Given the following values and the notation of figure I: 


Mo = 3.50 from test-section calibration 


Mı = 0.451 from normal-shock relations 

m = 1.80 (selected) 

K 21.0 (selected) 

My = 2.42 from injector geometry at m = 1.8 
Ån : 

from injector geometry at m = 1.8‏ 0.925 = ك 
Ai . (including blockage of strut)‏ 


It is to be noted that in all the following calculations, the cross- 
sectional areas (A) of the ducts can be interpreted as heights because 
the width of the ducts are held constant. Because these calculations 
are for an existing wind tunnel, Ap/A should be reduced by the dis- 
placement thickness of the boundary layer to approximate the nonviscous 
boundary of figure 1 (solid line). For this wind tunnel the displace- 
ment thickness for all four walls is equivalent to approximately one- 
half inch on the top and bottom walls. Since the test section half- 
height is 3.645 inches, the corrected upstream contraction is 


x 3.685 -0-500 _ 9 013‏ 0-985 ے هد 
Aq 3.645 = 0.500‏ 


and ES corrected downstream contraction is (see the dimensions on 
fig. 9 


Ag E 5.165 - 0.500 - 0.917 


As 5.589 - 0.500 


Starting.- From equation (All), Mp can be determined. 


9 _ -— 
(2 / = 0.691 x 5.913 = 0.757 
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from which M4 = 0.510. We use equation (2), the N column of refer- 
ence 6, and note that Mg «1 for M, <1 


1 1 1 1 
PN) ب تيت كه‎ 8 —)- —— 
(Ma) (1+ 1.8) ( 0.3835 3 x 0.3876 0.3860 


from which Ms, = 0.517. By application of equation (ALL) to the down- 
stream contraction, M, can be determined. 


عد 
O.T6h x i = 0.833‏ = © 


from which M, = 0.591. From equation (1) 


1.8 | 0.147 


0.913 + ——X o. ai 
r= 0.764 (oss + 18 x gat) = 2.89 
0.147 (1 + 1.8) 


It is to be noted that M, for starting was not used in the determina- 
tion of r, but its value serves to indicate if starting is theoreti- 
cally possible (M, « 1). 


Running.- By equation (A11) 


(&) = 0.147 x : 
Å 75 0.913 


from which M, = 3.40. Equation (2) with Mg >1 for M, < 1 yields 


fü) = 2 ( EE. JE 
(1+ 1.8) *0.3601 a. 3876 


= 0.161 


0.3772 


from which Mg = 2.71. If equation (All) is applied to the downstream. 
contraction pet Me 


* 
(=) = 0.311 x = 7 = 0.339 


4 0.91 


hence, M, = 2.62. From equation (1) 


1.8 0.147 
0.311 (0.913 FT 4 9. Ir 
ا‎ 3 x 2.60 
0.147 (L + 1.8) x 0.453 
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The 1- by 3-Foot Supersonic Wind Tunnel No. 2 


For this wind tunnel the running condition can be computed in the 
same manner as the 8- by 8-inch tunnel. However, the starting condi- 
tion requires positioning of the upstream normal shock in the region 
of greatest area. When the flap is deflected, it is shown in figure 8 
that the largest area is at the point of 1.75-inch balance compensation. 
. Given: 

Mo = 3.35 (obtained from test-section calibration) 
m = 1.00 (selected) 


K = 1.00 (selected) 


My = 1.74 from injector geometry at m=1 

Å» 

ru 0.955 from injector geometry at m = 1 (including 
2 blockage of model support) 

Ag 

— = 1.00 (assumed) 

Ag 


Starting.- To use the existing equations, Mg must have the value 
immediately upstream of the normal-shock position. The displacement 
thickness for this wind tunnel for all four walls is equivalent to 
approximately 1-1/2 inches on the top and bottom walls of the test 
section. Hence, the half-height of the channel at the upstream normal- 


shock position is 
A= 13.0 + 1.75 - 0.5 = 13.3 


where 0.5 is equivalent to one-half the sting area. The geometric 
expansion ratio adjusted for boundary layer is 


A _ 14.3 - 1.5 


= 1.11 
Ay 13 - 1.5 


from which an adjusted My can be obtained 


5-9 1 
Sal = 0170 % —= Ca 
(£ ^ fox 7 23 
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EN Ap 
Therefore, the adjusted M, = 3.45 and Ma = 0.453; — corrected for 
boundary layer becomes "0 || Ax 


Pe ے‎ 0.955 X 13 - 1-2 _ 9.918 
Aa 13 - 1.5 


and the adjusted contraction is 


1 
0.948 x rd 0.854 _ 


By the use of equation (All) M, can be determined. 


(4) = 0.693 x —L— = 0.811 
AY, | 0.854 — 


from which M, = 0.565. Equation (2) and reference 6 yield 


TUM = i t —— } = i 
Me) (1 +1) tr i 0.4209 0.4115 


from which Ma = 0.591. From equation (1) 


0.154 
0.8 en En a) 
„ os OOF + ora, 


0.259 (14 1) — 


Running.- The corrected contraction is 0.948, as given in the 
starting case. From equation (All) Mọ can be determined. 


ar) 1 
PER = 0.170 = 0.1 
from which Mp = 3.30. By use of equation (2) 


E l i ل‎ zx ———— 


-orr 


5D 
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from which Ma = 2.38. From equation (1) 


0.170 


0.948 + حل‎ 
5 0.42k ( 0.727 = 2.68 


1 0.1695 


(1+ 1) x 0.549 
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APPENDIX E 


DESIGN PROCEDURE 


The effects of all auxiliary-injector parameters have not been 
established experimentally. However, on the basis of the one- 
dimensional analysis and existing experimental dat&, the following 
design procedure and recommendations are presented: 


l. In figure 1 the solid outline of the wind tunnel can be assumed 
to represent nonviscous air flow for & given Mach number, and the final 
wall shape will be shifted by the displacement thickness as indicated 
by the dotted lines. Either form of equation (AT) can be used to 
obtain rm after Ma has been calculated, The first, or simpler form 
is useful when a scale layout of the injector installation has been 
made, from which A4 can be measured. The second form requires no 
layout because it includes the geometric equivalent of  Ag/Ag*. In the 
latter case A»-/Aj should be determined for the nonviscous boundary. 


2. Select upstream contraction for the design condition to be not 
more than 9l percent of the theoretical value, that is, 


Ar > 0.94 
ut: 


The constant is obtained from available experimental data. A maximum 
wedge angle of 59 is recommended at the design condition. 


3. Select My to be about 10 percent above the Mach number 
determined by 


lk. The use of hinged flaps (see figs.8 and 9) and a fixed diffuser 
wall is recommended when possible because of its simplicity and ability 
to increase A1/Ap and My with increasing m. Design the flap based 
on item 2 and structural requirements, and lay out an injector nozzle &t 


the design My and Ay* by area ratio A = E Ao”). A value of K 


close to unity, theoretically, gives the lowest compression for a fixed 
mass ratio and upstream contraction, but values of K as low as 0.5 
have indicated no difficulties in actual operation. 
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D. The need for downstream contraction when the tunnel is to be 
started and run at the same Mach number is not fully determined.  Theo- 
retically, downstream contraction does not improve the starting com- 
pression ratio but, experimentally, it does (fig. 12, Mo = 3.33). The 
downstream contraction ratio in this case is 1.085. 


6. Avoid any wall divergence downstream of the injection point 
for at least two tunnel heights. 


T. By use of equations (AT) and (A10) to (A15), and the faired rp 
curve (fig. 16), calculate the theoretical performance of the proposed 
design for the range of mass ratios under consideration. For the start- 
ing condition, the normal shock must be &ssumed to stand in the region 
of greatest area for Ai/A, > 1. When Aı/Aa <1, at a low mass ratio, 
for example, the downstream position can be considered &s the starting 
condition and the upstream shock position as the running condition as 
previously discussed. 


8. Before proceeding to the drafting stage of the design, increase 
the nozzle and test-section dimensions by the estimated displacement 
thickness. Downstream of the end of the test section & constant correc- 
tion equal to that at the end of the test section is satisfactory. 


9. It is recommended that model tests be made when an injector 
installation is intended for a large wind tunnel. This is desirable 
because of the uncertainty of the amount of upstream and downstream 
contraction that can be utilized without choking the flow. 


36 


NACA RM 1 
REFERENCES 
Rayle, R. E.: Starting Supersonic Wind Tunnels by Pressure Waves. 


MIT Term Project No. 39, May 1949. 


Bradfield, Walter S.: Experimental Study of the Application of 


———— 


Pressure Transients to the Starting of a Supersonic Wind Tunnel. 


University of Minnesota, Rep. 70, Oct. 1950 (limited availability). 


Yen, S. M., Armstrong, Gene L., and McCloy; R. W.: Mixing, Diffu- 
sion, and Pressure Recovery in the Ejector Jet. Institute of 
Aeronautics, University of Illinois, Rep. 9-6, 1949. 


Bidwell, Jerold Morse: Analysis of an Induction Blowdown Super- pos 


sonic Tunnel. NACA TN 2040, 1950. 


Keenan, J. H., Neumann, E. P., and Luétwerk, F.: An Investigation u 
of Ejector Design by Analysis and Experiment. Jour. Appl. Mech., | 


vol. 17, no. 3, Bept. 1950, pp. 299-309. 


Foa, Joseph V.: Mach Number Functions for Ideal Diatomic Gases. 
Cornell Aeronautical Lab., Inc., Oct. 1919. 


Neumann, Ernest P., and Lustwerk, F.: High-Efficiency Supersonic 
Diffusers. MIT Meteor Rep. No. 56, June 1950. 


Liepmann, Hans Wolfgang, and Puckett, Allen E.: Introduction to 
Aerodynamics of a Compressible Fluid. John Wiley : and a SORE; eee 


1947, p. 86, j Fers E 


Wegener, P.: On the Experimental Investigation of Hypersonic Flow. 
Naval Ordnance Lab. Memo. 9629, July 29, 1948. 


Eggink, Dr. H.: The Ímprovement in Pressure Recovery in Supersonic 


Wind Tunnels. R.A.E. Rep. No. Aero. 2326, S.D. 34, May 1949. 


Diggins, J. L., and Lange, A. H.: A Systematic Study of a Variable 
Area Diffuser for Supersonic Wind Tunnels, NAVORD Rep. 2421, 
Dec. 1952. M : 


2 act 
le]. 


hh jt 


Final wall position after 
nozzle boundary -layer 
correction 


TOILGV NY VOVN 


Normal shock in 


Normal shock în downstream position 


upstream position (running) 
B No ST N M n UV — == Pa 
V=0 M, | M, V«O 
Isentropic Constant- Isentropic 
Wind- funnel nozzle upstream | area mixing | downstream | |Subsonic diffuser 
contraction contraction 
a b C d e 


AGAT 


Figure Ii- idealized arrangement of an auxiliary air injector for a supersonic wind tunnel 
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Figure 2.- Comparison of constant- area and constant—pressure 
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Figure 3.- Effect of injection Mach number and downstream contraction. 
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Figure 5.- Effect of upstream contraction with and without downstream 
contraction, Ma =3.0, M, =1.5, 6 0 à 
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Figure 7.- Effect of auxiliary injection on fofal power requirements. 
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Figure 8. - Auxiliary - injector installation for the Ames I-by 3-foof Supersonic Wind Tunnel No. 2. 
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(b) injector configuration for Mg «3.50 and Mo =3.00 nozzle blocks. 


Figure 9.- Auxiliary injector installation of the 8-by 8-/nch test facility showing the various diffuser 


configurations tested; Channel width =8 inches. (All dimensions in inches) 
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Figure 10.- Photograph of injector installation for the 8- by 8-inch test facility with one 
wall removed (corresponds to fig. 9(a)). 
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Figure II.- Test data obtained from the Ames /-by 3- foot 
Supersonic Wind Tunnel No.2 as compared fo theory. 
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Figure 12. - Test data obtained from the 8- by 8-inch test facility as compared to theory. K =i 
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Figure 13.7 Performance of l-by 3- foot Supersonic Wind Tunnel No. 2 (blowdown tunnel) 
os determined from experimental data. 
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Figure 14.- Effect of auxiliary injection on total power requirements 
١ of injector configurations tested. 
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(å) Injector on, Mo = 2.95, My = 1.83, m = 0.60, r = 3.31 (steady flow). 


Figure 15.- Schlieren pictures of the flow in the 1/12-scale model of 
the Ames 1- by 3-foot supersonic wind tunnel No. 2 showing some 
effects of auxiliary air injection. (Arrows indicate injection 
point.) 
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Figure (6. A comparison of experiment fo theory for two injector installations. 
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Figure 17.7 Average minimum compression-rallo requirements of 
severa! conventional wind tunnels and corresponding correction 
factors (fp). 
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Figure 18.~ Typical compressor and wind-tunnel diffuser performance 
curves. 
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